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Abstract

:

Herbaceous plants influence soil hydraulic conductivity by changing soil macropore structure through their root systems, but the effects of different root types on macropore structure have yet to be clarified. In this study, soil column experiments were conducted to investigate temporal variations in soil macropores and saturated hydraulic conductivity, as influenced by herbaceous plants with fibrous roots (Cynodon dactylon) and taproots (Medicago sativa L.). Computed tomography (CT) scanning was used to quantify soil macropore indices, and the saturated hydraulic conductivity (Ks) was measured from April to November after 3, 5, and 7 months of sowing. The results showed that both soil macropore indices and Ks increased with grass growth. The taproots had macroporosity (MP), macropore diameter (MD), and global connectivity (Γ) values that were 1.94, 2.76, and 2.45 times higher than fibrous roots, which are more efficient at increasing the number of soil macropores (PN). This resulted in higher Ks values for the fibrous roots during the experimental period than for the taproot herbs. For both plants, the top 5 cm of soil had a higher macropore index and Ks values than the bottom layer. The Ks for fibrous roots was most closely related to PN. On the other hand, Ks for the taproot soil column was most closely related to MP and MD. Based on a combination of soil macropore indices, functions were established to predict Ks values for fibrous root and taproot herbaceous plants.
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1. Introduction


Soil erosion is a major environmental problem that affects soil productivity and leads to land degradation [1]. Soil erosion driven by water is recognized as the most widespread type of erosion in the world, with raindrop splashes and concentrated flow causing severe soil loss from slopes lacking vegetation cover [2,3]. Vegetation restoration is recognized as an efficient method to control soil erosion on these slopes and improve soil erosion resistance and optimize slope stability [4,5]. Underground plant roots changes soil structure and play an important role in reducing runoff and soil loss. It has been reported that half of all reduction in soil erosion occurs due to the living roots of plants [6]. Plant root systems can influence soil water infiltration capacity and paths [7]. In particular, plant roots enhance soil macropore formation by penetrating soil masses and increasing hydraulic conductivity [8].



Soil macropores play a critical role in the hydrological functions of vegetation [9]. Although macropores (diam. >1000 μm) make up only a small proportion of the total soil volume, they have been reported to be the main determinant of hydraulic conductivity [10]. Studies have shown that the saturated hydraulic conductivity (Ks) of a soil is more strongly affected by its macropore properties [11] than by other soil properties. Macropore indices such as macroporosity, macropore diameter, volume, and connectivity were found to be related to hydraulic conductivity [12]. In previous studies, dye tracers [13] and resin impregnation techniques [14] were used to quantify the macropore index. X-ray computed tomography (CT) is a quick, nondestructive, and noninvasive method for visualizing and quantifying soil macropore structure. It can be used to capture images of soil sections and establish 3D soil pore network structures, providing reliable information [15]. This novel technique has been employed to quantify soil macropore characteristics and their relationships with hydraulic conductivity [16]. Most macropore parameters are positively correlated with Ks [10,17]. Many researchers have proposed models for estimating Ks based on macropore parameters [18]. Wang et al. (2024) found that the number of macropores [19] or the presence of macropores [10,20] could explain most of the variability in Ks. Zhang et al. (2019) [13] indicated that it is critical to quantify the macropore characteristics of the limiting soil layer to predict soil Ks. The mechanisms governing Ks are associated with soil macropore characteristics, which are influenced by different vegetation types [21].



Plant roots are considered the primary modifiers of soil macropore structure; they influence macropores both directly by creating biopores and indirectly by re-packing and rearranging soil particles [22]. Compared with climate, soil type, and soil texture, scientists have suggested that vegetation and its root network are the most significant variables that provide first-order control of soil macropore properties [23]. Root development and subsequent root decay are beneficial for soil macropore formation [24]. Furthermore, plant roots can not only overcome soil resistance to form new biological macropores but also expand into existing soil macropores to alter soil pore sizes [25]. Vegetation type affects plant residue and root characteristics, which can cause differences in macropore properties [26]. Studies have confirmed that herbs perform better than woody plants at improving soil hydrological properties [27]. Herbaceous plants and their extensive root systems are often the first to protect barren soil [28]. Due to their rapid growth and wide adaptability, herbs are important for restoring bare slopes and soil erosion [29,30]. The roots of herbs are further divided into two types: taproots and fibrous roots [31]. Fibrous root systems, with their numerous fine roots, spread widely in shallow soil layers [32], while taproot systems, characterized by a thick primary root, penetrate deeply into the soil [33]. The root length density, root mass density, and root diameter of plant roots of the two morphologies mentioned above were used to quantify the effects on Ks and soil erosion [10,34]. The root architecture of herbaceous plants is also closely related to soil macropore characteristics [35] and affects Ks of soil [36]. Hu et al. (2019) applied X-ray CT to study the relationships among soil macropores, plant root architecture, and the hydrological characteristics of alpine meadows [24], and they reported that Ks and soil macropores changed with root architecture. The soil macropores and hydraulic conductivity change greatly with various stages of herbaceous plant growth [10].



The above studies have contributed greatly to the understanding of the effect of vegetation on soil macropores and hydraulic conductivity. However, few studies have been focused on herbaceous plants with different types of roots and the related response in soil macropore structure in explaining changes in soil hydraulic conductivity. In this study, two different types of grasses, MS and CD, were selected as representative taproot and fibrous root plants, respectively, which are also typical soil and water conserving herbs. The aim of this study was (1) to quantify temporal variations in the macropore characteristics of soils with herbs with taproots and fibrous roots using X-CT and (2) to analyze the dynamic response in Ks of soils with the two herbs and its correlation to macropore characteristics. The results of this study advance the current understanding of the mechanisms by which herbaceous root systems influence soil macropores and hydraulic conductivity, elucidating the benefits of using herbaceous plants for soil and water conservation and allowing for the optimization of vegetation restoration measures.




2. Materials and Methods


2.1. Experimental Setup


A vegetation soil column experiment was conducted from April 2021 to November 2022 (8 months). The experimental soil was collected from grasslands in northeastern Chengdu, China. The local soil is classified as an Anthrosol according to the World Reference Base (WRB) system. The soil texture is classified as loamy according to the USDA classification, with 33.16% sand, 41.51% silt, and 25.33% clay. The average soil organic matter content was 10.4 g·kg−1. After removing roots and stones, the soil was passed through a sieve for the experiments. To avoid the potential impact of soil fauna on soil macropores and focus on the effect of vegetation, the experiment was performed in a trough 50 cm deep × 100 cm wide × 200 cm long. Soil that passed through a 5 mm sieve was filled into the trough and compacted in layers with a bulk density of approximately 1.2 g·cm−3. After the soil was filled the trough, PVC pipes with a diameter of 11 cm were used to form soil columns. These PVC pipes were made up of upper and lower sections of 5 cm each. The two sections were joined together to form a 10 cm high cylinder, which was fixed in the middle with tape. A PVC pipe was pressed into the soil until its top was aligned with the soil surface. Then, CD and MS were sown at a density of 15 g·m−2. Water was supplied every 3 to 5 days to maintain soil moisture at 80% of field capacity, and weekly weeding was conducted to reduce weed competition [37].




2.2. Soil Samples


Medicago sativa L. (MS) and Cynodon dactylon (CD) exhibit two phases of rapid root growth, the meristematic phase (2–3 months after sowing) and the fruiting phase (4–5 months after sowing), before stabilizing [38]. Therefore, after sowing in April, soil columns were sampled for CT scanning and infiltration experiments at three different stages: July, September, and November, corresponding to 3, 5, and 7 months after sowing, respectively. During each sampling, five soil columns were collected for each plant for CT scanning and to quantify soil macropore characteristics. Grass stems in the soil columns were cut prior to sampling. These soil columns were sealed with plastic wrap and sent to Sichuan Friendship Hospital for CT scanning immediately after collection (Figure 1). During transportation, foam boards were used to secure the soil columns to prevent shaking and damage to the soil structure during transportation. In total, 35 soil columns were used for CT scanning, including 30 soil columns for the two types of grass samples and 5 control soil columns without grass. These soil columns were used for saturated hydraulic conductivity (Ks) determination after CT scanning together with the other samples.




2.3. X-ray CT Scanning of Soil Samples, Image Processing, and Analysis


All the soil samples were CT scanned using a GE Light-Speed VCT 64 Slice medical CT scanner (Sichuan Friendship Hospital, Chengdu, Sichuan). The X-ray scans were carried out at a voltage of 120 kV and a current of 120 mA. The exposure time was 1 s, and the slice thickness was 0.625 mm. The field of view was set to 135.48 × 135.48 mm with a matrix size of 512 × 512 pixels, which gave 16-bit DICOM images with a 0.265 mm resolution [10]. Approximately 80 continuous cross-section image slices were obtained for the upper and lower layers of each soil column. Then, the DICOM images were converted into Tagged image file format (TIFF) files.



The scanned images were further analyzed using the software program ImageJ 1.52a, which is a digital image processing program developed by the National Institute of Health [11]. The “clear outside” tool in ImageJ was applied to obtain the region of interest (ROI) with a diameter and height of 85.05 mm to avoid any potential artifacts from the PVC wall and the uneven top and bottom of the soil column. After converting 16-bit images to 8-bit images, a median filter was used to minimize noise for thresholding (Figure 1) [39]. Based on the principle that background pixels are different from foreground pixels, image segmentation is the most important step in processing. In this study, the images were segmented using global thresholding based on the intensity histogram of the entire sample as described by reference [40]. The threshold was determined by visual inspection and the “Try All” option in the automatic local threshold plug-in [41]. An artificial pore of known diameter was also used to set the threshold for image segmentation, similar to the approach used by Budhathoki et al. (2022) [14]. After segmentation, the pore voxels were made isotropic, and the pore networks were reconstructed for further three-dimensional analysis. Due to resolution limitations and partial volume effects, all pores with diameters of more than 0.7 mm were identified as macropores [11]. The grass roots appear as macropores from the scanned image interpretation.



The macropore volume and surface area could be obtained from the 3D Objects counter and Analyze Particles Tool. The Bone-J plugin of ImageJ was used to obtain the mean diameter of the macropores and the fractal dimension. Based on these results, the macropore properties of soil in columns with the two grasses were calculated in different growth stages. The macropore indicators included the macroporosity (MP), the macroporosity of the limiting layer (MPLL), the mean diameter of a macropore (MD), the hydraulic radius (HD), global connectivity (Γ), and the fractal dimension (FD). MP represents the overall macropore volume within the sample. MPLL was defined as the minimum macroporosity value along the ROI depth. MD refers to the average diameter of macropores. HD was calculated as the ratio of macroporous volume to macroporous surface area [42]. Γ represents the probability that two pores are part of the same network, with Γ = 1 indicating complete connectivity and Γ ≈ 0 indicating scattered, unconnected pores. FD calculated with the BoneJ plugin in ImageJ reflects soil pore size and the irregularity of interfaces between pores and particles [43]. The specific statistics and calculation methods for these porosity indices were presented in Wang et al. (2024) [10].




2.4. Measure of Saturated Hydraulic Conductivity


The saturated hydraulic conductivity, Ks, was determined using the constant head method, in which the soil Ks is determined while a constant head is maintained at the inlet end during the measurement process [44]. To investigate the effect of grass roots on Ks at different depths, the 10 cm PVC soil columns were cut in the middle with a thin blade and divided into upper and lower layers 5 cm in height. The bottom of each half of the soil columns was covered with an 11 cm diameter permeable ring cover to prevent the soil from falling out. The separated 5 cm high soil columns were soaked in distilled water for 12 h until the soil was saturated [45]. During the soaking process, the water depth was 5 cm, and both the water level and the soil column were kept level. An empty PVC cylinder of the same size was then placed on top of the saturated soil column. The contact interface between the two cylinders was sealed with cellophane tape and Vaseline to prevent water leakage at the edges during infiltration. The assembled double PVC pipe was fixed on an iron frame, and the ring edge was kept horizontal. A funnel and beaker were placed under the soil to collect the water percolating the soil. During the infiltration process, a constant head of 5 cm was maintained in the empty PVC pipe above. A timer was started when the first drop of water fell below the funnel. The beaker under the funnel was replaced every 2, 3, and 5 min according to the rate of water outflow [46], and the corresponding water flowing out was measured. The amount of water flowing into the beaker was measured until the amount of water flowing out per unit time was the same. Water was added to maintain the water layer thickness at 5 cm during the experiment, and the water temperature during infiltration was measured by a thermometer. The saturated hydraulic conductivity (Ks) at a given water temperature equal to t (°C) was calculated according to the following equation:


    K   s   =    Q × L   S × t × h     



(1)




where Ks is the saturated hydraulic conductivity (mm/min), Q is the water outflow volume (mL), t is the water outflow time (min), S is the cross-sectional area of the soil column (cm2), L is the height of the column (mm), and h is the head at the inlet end (mm). Finally, the Ks of the soil at different temperatures was converted into the hydraulic conductivity at 10 °C using the following formula. An increase in temperature lowers the viscosity of water, which affects its flow in the soil and consequently impacts the saturated hydraulic conductivity [47].


    K   10   =      K   s     0.7 + 0.03 t     



(2)




where K10 is the Ks value (mm/min) at a temperature of 10 °C, Ks is the K10 value (mm/min) at t, and t is the water temperature at the time of measurement (°C) [48].




2.5. Statistical Analysis


Statistical analyses were completed using the software package IBM SPSS 27 Statistics for Windows version 20.0, and graphs were prepared in Origin 2023. One-way analysis of variance (ANOVA) and the least significant difference (LSD) test were used to assess significant differences in the macropore characteristics and Ks among the different stages at the p = 0.05 level. The results are reported at the p < 0.05 and p < 0.01 levels of significance. Spearman rank correlation analyses were performed to test for correlations between the macropore characteristics and Ks. Regression analyses were conducted to establish the relationship between Ks and selected macropore characteristics.





3. Results


3.1. Soil Macropore Characteristics in Columns with the Two Plants


3.1.1. Macropore Indices in the Soil Columns with the Two Plants at Different Stages


Table 1 shows the soil pore indices for the different stages. All the macropore indices for Cynodon dactylon (CD) and Medicago sativa L. (MS) showed an obvious upward trend. Except for the hydraulic radius, which generally remained constant during the experimental period, most of the pore indicators exhibited a slight increase during the initial growth phase and a significant increase in the subsequent growth stage for both grasses. Compared with no-grass treatment, the macroporosity, the macroporosity of the limiting layer, and the global connectivity of the CD vegetation increased by 75.77%, 94.20%, and 62.96%, respectively, in November. However, the above three indicators increased by only 8%, 33.3%, and 20%, respectively, in July. The macroporosity and fractal dimension of MS also showed greater increases in the late growth stage than in the early growth stage. In November, the two pore indices for the MS treatment increased by 81.79% and 36.80%, respectively, compared to those of the no-grass treatment. In July, they only increased by 21.43% and 10.43%, respectively. However, some of the soil macropore indices (the macroporosity of the limiting layer, macropore diameter, and global connectivity) for MS exhibited a significant increase until September but then decreased in November.




3.1.2. Comparison of Macropore Indices of the Upper and Lower Layers


Table 2 shows the soil macropore indices of the two herbs and two different soil layers from July to December. Most of the indices for the two herbs followed the order MS > CD for both soil layers. The macropore indices that differed most between the two herbs in the upper soil layers were global connectivity and the macroporosity of the limiting layer, which were 2.45 and 2.28 times greater for MS than for CD, respectively. In the lower layer, the two macropore indices mentioned above were also the most different and were 1.94 times and 2.76 times greater in MS than in CD. For the same herb, these macropore indices were also relatively greater in the top layer (0–50 mm) than in the lower layer (50–100 mm). The average values of the macropore indices in the upper layers of CD and MS were 1.33 and 1.41 times greater than those in the lower layer, respectively. This was especially the case for the macroporosity (p = 0.03) and macropore diameter (p = 0.003) of MS, which were significantly different between the top and lower layers. The average variation coefficients (CV) of the different soil macropore indices were also greater in the top layer than in the lower layer for CD. However, the average CV for the MS in the top layer (40.38%) was lower than that in the lower layer (51.76%). Notably, both the hydraulic radius and the fractional dimension indices showed little difference between the two soil layers or between the two herbs. The variation coefficients of the two indices are also low and were less than 30% in most cases.




3.1.3. Variation in Number of Macropores with Depth


The number of macropores in soil with herbs generally decreased with depth in the ROI for all the soil samples (Figure 2). Overall, the macropore number in the CD treatment was 1.32 times greater than that in MS, as evidenced by the fact that the macropore number in the top layer of CD was 1.38 times greater than that in MS; however, the macropore number in the lower layer of the columns with the two herbs did not substantially differ. For CD, the number of soil macropores in the top layer of the soil column was obviously greater than that in the lower layer of the soil column. In a comparison of the average macropore number in the three growth periods, the macropore number in the top layer was 2.09 times greater than that in the lower layer. Moreover, the macropore number in CD gradually increased with growing time, and the macropore number in November was 1.72 and 3.73 times greater than that in September and July, respectively. In September and July, the macropore numbers in the upper layer of MS were 3.38 and 2.85 times greater than that in the lower layer, respectively. In November, however, the difference in macropore density between the upper and lower layers of MS gradually decreased, and the distribution became more homogeneous.





3.2. Trends in Saturated Hydraulic Conductivity (Ks)


The variations in the saturated hydraulic conductivity (Ks) of the soil columns with the two herbs over time are shown in Figure 3. Overall, the Ks of both the upper and lower layers of the CD and MS treatments was greater than that of the no-grass treatment, except for the hydraulic conductivity of the lower layer of MS in July, which was lower than that of the no-grass treatment. Further analysis revealed that the average Ks of the top layer was 1.81 and 2.89 times greater than that of the lower layer for CD and MS, respectively. In both the top and lower layers, the average values of Ks of the soil with the two herbs were CD > MS. In the top layer, there was a significant difference in Ks between soils with the two herbs in July (p = 0.03). In the lower layer of soil with the two herbs, a significant difference in Ks was also detected in July (p = 0.004) and in November (p = 0.041).



Except in the lower layer of MS, the Ks of the soil with the two herbs increased with increasing growing time. Compared with that in July, the mean Ks of CD and MS in the top layer increased by 79.05% and 82.93%, respectively, in November. Similarly, the mean Ks in CD in the lower layer increased by 71.80% in November compared to that in July. For the top layer, further analysis revealed that there was a significant difference in the mean value of Ks for the same herb at the 0.05% level among the three growing seasons. Significant differences in CD (p = 0.01) and MS (p = 0.001) were observed among the three growing seasons. In the lower layer, the Ks in CD in November was significantly greater than that in the other two seasons (p = 0.047). The Ks in MS in the lower layer first increased in September and then decreased in November. There were significant differences in the mean values in the three periods (p = 0.016).




3.3. Relationships between Macropore Indexes and Saturated Hydraulic Conductivity


In this analysis, the Pearson correlations between seven CT-measured macropore parameters (macroporosity, macropore diameter, hydraulic conductivity, macroporosity of the limiting layer, global connectivity, fractal dimension, and macropore number) of the soil in the columns and Ks were analyzed (Figure 4). For CD, all macropore characteristics except the hydraulic radius were positively correlated with Ks. The two indices that most strongly correlated with Ks were the macropore number (r = 0.68) and macropore diameter (r = 0.65) for CD. In addition to hydraulic radius, all macropore characteristics were positively correlated with Ks in MS. Macropore diameter (r = 0.58) and macroporosity (r = 0.58) had the strongest correlations with Ks.



Based on the above pore indexes that had the strongest correlations with Ks, further regression analysis was carried out, and linear fit equations were established (Figure 5). According to the R2 in Figure 5, most of the variability in Ks in the CD treatment was explained by the macropore number, at 46%, and macropore diameter ranked second, accounting for 42% of the variation. Further analysis revealed that the macropore number in the upper layer explained 40% of the variation in Ks; however, the macropore number in the lower soil layer explained only 27%. The difference between the Ks of the upper and lower soil layers explained by the CD macropore diameter was even greater at 53%.



When the macropore number was combined with macropore diameter and global connectivity, the prediction was more accurate for CD, explaining 61% and 63%, respectively, of the variation in Ks (Table 3). For MS, macropore diameter and macroporosity could better explain the Ks when they were combined into a single variable, and both R2 values were 0.35 (Figure 5). A discrepancy between the upper and lower layers was not obvious. The macropore diameter combined with macroporosity and fractal dimension explained 48% and 52%, respectively, of the variation in Ks in MS.





4. Discussion


4.1. The Response of Soil Macropores to the Growth of the Two Plant Species


This study found that the soil macropore characteristics of herbaceous plants were superior to those of soil with non-grass, confirming that herb roots extend through soil, creating more macropores [49,50]. This reflected the importance of herbaceous plants in maintaining the health and stability of soil ecosystems. Since the fibrous root and herbaceous taproot differ in terms of root morphological characteristics and developmental processes, then the differences in root architecture among herbaceous species would influence macropore formation [26]. In this study, the number of macropores in CD was obviously greater than that in MS, probably because plants with fibrous roots have a dense, fine mesh structure that penetrates deep into the soil, both increasing root contact area with the soil and creating more soil pores [51]. Nevertheless, the soil macropore diameter of MS, which has coarse roots and taproots, was 1.51 times greater than that of CD, suggesting that root diameter is an important root-induced pore formation trait [52]. The results also confirmed the lower rooting densities of coarsely rooted species, which nonetheless had a high impact on the macropore range [53]. Furthermore, coarse roots are beneficial for increasing soil macroporosity [54] and global connectivity, as taproots tend to penetrate deeper into soils [55]. Therefore, the macroporosity of the limiting layer, microporosity, and global connectivity in MS were 2.52, 1.29, and 2.20 times greater than those in CD due to the vigorous and deeply rooted system of MS. In summary, our results suggest that the fibrous root is more efficient in increasing the number of soil macropores, while the taproot could produce larger macropores and increase the macroporosity. This is consistent with previous research that measured soil pores by different methods [53,56,57]. Furthermore, the higher macropore diameter of the MS (Table 1) seems to support the hypothesis of Chen et al. (2021) [56] that a coarse taproot can produce large biopores (>2 mm).



In addition to the above differences, we also found that the soil macropore indices for the two treatments showed different dynamics and vertical distributions. In terms of seasonal variation, most of the macropore indexes for the CD continuously increased during the experiment duration, while some of the MS indexes increased from April to September, but kept stable or decreased in the next stage (Table 1). This is mainly due to the fact that the root characteristics of the MS would reach a stable state after about 5 months [58]. Regarding vertical hierarchical differences in the soil column, it has been reported that plant roots are often concentrated in the topsoil and that the total root density decreases with increasing soil depth [59]. As a consequence, except for the hydraulic radius, the macropore indicators of the upper soil layer were generally more effective compared to the lower soil layer for the same herbs. In particular, in CD, the number of macropores in the upper soil layer was much greater than that in the lower soil layer in this study (Figure 2). These results are in agreement with those of Katuwal et al. (2015) [60], who reported that the number of macropores was significantly greater in the top 4 cm. This was also related to the fact that dense fine roots are usually present in the top 5 cm of soil [61]. The coarsely rooted and taproot species were more effective at alleviating soil compaction in deep soils [62] and had a greater effect on macropore formation in deep soil layers [26]. As a result, the roots of MS gradually penetrated into the soil subsurface, which resulted in a relatively even vertical distribution of soil macropores in November (Figure 2). The above results imply that the effect of grass root in changing soil structure is mainly reflected within the surface layer of the soil. This was especially in the case of the fibrous roots that showed a greater concentration in topsoil layer than that of the taproot. It should be noted that the depth of the soil columns in this study may have limited the space for root growth. In future research, deeper soil columns should be used to show the potential grass root characteristics and vertical hierarchical variation of soil macropore, thus clarifying the effects of fibrous roots and taproot plants on deep soil structure, which can provide a scientific basis for soil conservation and environmental restoration.




4.2. The Mechanism That Determines Soil Hydraulic Conductivity with the Two Plants


The macropore formation induced by plant roots is particularly important for water infiltration and percolation to deeper soil layers due to the different characteristics of these macropores [63]. In this study, the saturated hydraulic conductivity (Ks) of the soil columns with the two herbs was obviously greater than that of the control soil columns (Figure 3). Moreover, the Ks of the columns with the two herbs increased with growing time and was greater in the upper layer than in the lower layer. The temporal dynamic and vertical variation of Ks in the two grass soil columns were similar to the soil macropore property variations discussed in Section 4.1. The extension of the root system and the number of root branches differ between the two herbs [49]. Thus, the soil macropore characteristics of MS and CD differed at different growing stages, leading to variations in soil Ks. This result is consistent with Wang et al. (2024) [10], who reported that soil macropore dynamics would determine the seasonal variation of soil hydraulic conductivity. For the same time stage and soil layer, the CD had a higher Ks than that of the MS (Figure 3). It reflected that the fibrous root system was superior to the taproot system in improving soil infiltration capacity under the conditions of this study. This is consistent with previous research that has reported that fine fibrous roots could improve the soil macropore Ks better than the taproot [56,59,64]. The reduction in Ks in the lower layer of MS in November may be related to large roots compressing and shrinking the porosity of the adjacent soil material. This compression could reduce the soil’s water conductivity in that layer [65]. However, it differs from that of Zhu et al. (2020) [66], who found that the tap roots can increase soil infiltration by increasing the amount of large pore via their decomposition, whereas the fibrous roots decrease soil infiltration by clogging soil pores. This may be because the duration of the experiment in this study is not long enough for coarse roots to decompose. Our result is supported by Chen et al. [56], who reported that the fine roots are more likely to decompose and improve soil hydraulic conductivity, whereas the coarse roots would decompose more slowly, and their effects on soil infiltration cannot be reflected in a short period. It should be noted that the CT scanning technology would extract the undecayed biomass of the taproots as soil macropores, which are likely to block water flow. This may explain why many of the soil macropore indexes for MS are higher than those for CD, but the Ks is relatively low. It implies that the CT-scanned soil macropore index may not always reflect the real soil infiltration capacity [14], and more comparative analyses over a long plant growth period are needed in future research.



The Ks had a positive correlation with all CT-measured macropore parameters except the hydraulic radius (Figure 4). The hydraulic radius showed an insignificant relationship with the Ks. This was mainly due to the small variation in hydraulic radius between the two herbs during the experimental period (Table 1 and Table 2). The macropore parameters that best described the increasing trend in Ks in CD and MS were the number of macropores and macroporosity, respectively. The number of macropores showed the best linear fit with saturated conductivity, which is similar to the results reported in previous works where linear functions have been used to predict soil hydraulic conductivity [10] and improve the water conductivity of soils [51]. Similarly, the Ks in the CD treatment was greater than that in the MS treatment in both soil layers, and the correlation coefficient between Ks and macropore number (r = 0.68) was highest among all the parameters studied (Figure 3). The reason may be that fibrous herbaceous plants have greater root density, which is closely associated with the number of macropores, and the number of macropores was the best parameter for predicting hydraulic conductivity [17]. The coarser larger roots in CD could provide more positive feedback for the development of macropores and increase macroporosity [50,67]. Macroporosity was most closely related to Ks (r = 0.58) in this study in MS, which is consistent with the findings of Wang et al. (2024) [10]. It should be noted that the above correlation between soil macropore index and Ks was greater in the upper soil layer for both herbs than in the lower layer (Figure 5). This may reflect the fact discussed in Section 4.1 that the effect of grass roots in changing soil structure and macropore is mainly reflected within the topsoil layer. This result would help to determine the critical soil depth and guide the design of the grass conservation measure to protect the surface soil.





5. Conclusions


In this study, we performed long-term soil column experiments and adopted the CT scanning technology to quantify temporal differences in soil macropores and saturated hydraulic conductivity (Ks) in soils with Medicago sativa L. (MS) and Cynodon dactylon (CD), which are herbaceous plants with fibrous roots and taproots, respectively. The results showed that the soil macropore indices and hydraulic conductivity increased over time with grass growth. Nevertheless, these indices differed between soils with the two herbs. According to the CT-scanned soil macropore information, the fibrous root is more efficient in increasing the number of soil macropores, while the taproot could produce larger macropores and increase macroporosity. The effect of grass roots in altering soil macropores and improving infiltration capacity is mainly reflected in the top 5 cm layer of the surface soil. We found that the soil Ks for the finer fibrous roots was greater than for the taproots, for which the undecayed root biomasses may block water flow, although the CT scanning extracted them as soil macropores. For the fibrous root system, the closest relationship was observed between Ks and the number of macropores, followed by that between Ks and macropore diameter. In the case of the taproots system, macroporosity and macropore diameter were found to be most related to Ks. Predictive equations were developed to evaluate the Ks based on the above soil macropore indices.
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Figure 1. The procedure for soil column sampling and CT scanned image processing. 
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Figure 2. Changes in the macropore number in the ROI with depth in different stages for the two grasses. 
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Figure 3. Saturated hydraulic conductivity (Ks) of the soil in the upper and lower parts of the columns with the two grasses in different months. Different letters indicate a significant difference in Ks at different growing times (p < 0.05). UP and DO stand for the top layer and lower layer, respectively. The CK treatment was not divided into top and lower layers. 
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Figure 4. Pearson’s correlations between the macropore and saturated hydraulic conductivity. MP, MPLL, MD, HD, FD, Γ, and PN stand for the macroporosity, macroporosity of the limiting layer, mean diameter of a macropore, hydraulic radius, fractal dimension, global connectivity, and number of macropores, respectively. 
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Figure 5. Saturated hydraulic conductivity as a function of the macropore for the soil with the two grass species. 
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Table 1. Macropore characteristics of the two grasses in different months.






Table 1. Macropore characteristics of the two grasses in different months.





	
Plant Species

	
Month

	
MP (%)

	
MPLL (%)

	
MD (mm)

	
HD (mm)

	
FD

	
Γ






	
CK

	

	
0.55 ± 0.07

	
0.04 ± 0.005

	
1.10 ± 0.26

	
0.14 ± 0.001

	
1.46 ± 0.14

	
0.10 ± 0.04




	
CD

	
July

	
0.60 ± 0.19 b

	
0.06 ± 0.01 b

	
1.36 ± 0.09 a

	
0.23 ± 0.005 b

	
1.57 ± 0.13 b

	
0.12 ± 0.02 a




	
Sep

	
1.77 ± 0.28 a

	
0.41 ± 0.11 a

	
1.51 ± 0.15 a

	
0.23 ± 0.006 b

	
2.07 ± 0.08 a

	
0.21 ± 0.06 a




	
Nov

	
2.27 ± 0.55 a

	
0.69 ± 0.38 a

	
1.94 ± 0.33 a

	
0.26 ± 0.008 a

	
2.08 ± 0.13 a

	
0.27 ± 0.07 a




	
MS

	
July

	
0.70 ± 0.10 b

	
0.20 ± 0.06 b

	
1.86 ± 0.66 b

	
0.23 ± 0.003

	
1.63 ± 0.30 b

	
0.29 ± 0.06 b




	
Sep

	
2.39 ± 0.52 ab

	
1.34 ± 0.29 a

	
2.99 ± 0.65 a

	
0.23 ± 0.003

	
2.02 ± 0.54 ab

	
0.55 ± 0.09 a




	
Nov

	
3.05 ± 0.65 a

	
1.31 ± 0.28 a

	
2.48 ± 0.99 a

	
0.25 ± 0.002

	
2.31 ± 0.61 a

	
0.45 ± 0.09 a








Different letters indicate significant differences in the macroporosity indices at different growth stages (p < 0.05). MP, MPLL, MD, HD, FD, and Γ stand for the macroporosity, macroporosity of the limiting layer, mean diameter of a macropore, hydraulic radius, fractal dimension, and global connectivity, respectively.













 





Table 2. Macropore characteristics at different depths for the two types of grasses from July to December.
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Plant Species

	
ROI Depth (cm)

	
Value

	
MP

(%)

	
MPLL

(%)

	
MD

(mm)

	
HD

(mm)

	
FD

	
Γ






	
CD

	
0–5

	
Mean

	
2.02

	
0.43

	
1.78

	
0.25

	
2.03

	
0.20




	
CV%

	
68.38

	
97.22

	
45.13

	
14.92

	
42.82

	
100.42




	
5–10

	
Mean

	
1.08

	
0.34

	
1.42

	
0.24

	
1.78

	
0.19




	
CV%

	
92.37

	
94.00

	
38.81

	
20.51

	
35.44

	
52.46




	
MS

	
0–5

	
Mean

	
2.73

	
0.98

	
2.91

	
0.24

	
2.16

	
0.49




	
CV%

	
71.09

	
97.65

	
25.61

	
10.26

	
20.18

	
42.97




	
5–10

	
Mean

	
1.36

	
0.94

	
1.98

	
0.23

	
1.82

	
0.37




	
CV%

	
81.53

	
78.67

	
36.20

	
5.19

	
32.16

	
76.89








CV represents the variation coefficients. MP, MPLL, MD, HD, FD, and Γ stand for the macroporosity, macroporosity of the limiting layer, mean diameter of a macropore, hydraulic radius, fractal dimension, and global connectivity, respectively.













 





Table 3. The saturated hydraulic conductivity as functions of soil macropore indexes.
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Plant Species

	
Equations

	
R2

	
p

	
N






	
CD

	
Ks = −3.79 + 3.50 MD + 0.05 PN

	
0.61

	
0.000

	
30




	
Ks = −1.61 + 14 Γ+ 0.06 PN

	
0.63

	
0.000

	
30




	
MS

	
Ks = −1.36 + 0.65 MP + 1.33 MD

	
0.48

	
0.000

	
30




	
Ks = −4.87 + 2.17 FD +1.54 MD

	
0.52

	
0.000

	
30








MP, MD, FD, Γ, and PN stand for the macroporosity, mean diameter of a macropore, fractal dimension, global connectivity, and number of macropores, respectively. N is the number of samples.
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